We suggest a physical mechanism by which antimicrobial peptides spontaneously induce stable pores in membranes. Peptide binding to a lipid bilayer causes an internal stress, or internal membrane tension, that can be sufficiently strong to create pores. Like detergents, peptides have a high affinity for the rim of the pore. Binding to the rims reduces the line tension and decreases the number of peptides causing the internal membrane tension. Consequently, the pore radius is stable. The pore formation resembles a phase transition.
In a recent series of studies on transient pores in stretched vesicles, Brochard-Wyart and collaborators [1] [2] [3] have demonstrated that the physics of pore formation in pure lipid bilayers is now well understood. The pore dynamics is based on the interplay between a membrane tension which tends to enlarge the pore and a line tension which tends to close the pore [4, 5] . If the pore is on a vesicle, the process is coupled to the leakout of the internal fluid. By using viscous solutions, the time behaviors of pores were observed and analyzed in detail [1] [2] [3] . The purpose of this Letter is to suggest that the basic mechanism of pore formation can be extended to understand the action of antimicrobial peptides that are known to spontaneously induce pores in membranes. This pore-inducing phenomenon is related to the selfdefense mechanism of plants and animals [6] . It can also be utilized to facilitate gene and drug delivery [6] . Although the spontaneous pore formation by antimicrobial peptides has been known for 30 years [7] , the physics of this process has so far not been explained.
Naturally produced antimicrobial peptides are 20 to 40 amino acids long, and they assume a great variety of secondary conformations. Studies showed that the target of their functions is the lipid bilayers of cell membranes [6] . The fact that diverse antimicrobial peptides function in a similar way implies a common mechanism, and this mechanism cannot depend on the exact molecular structures [6, 8] . One common molecular property of antimicrobial peptides is that the molecules are water soluble but the molecular surfaces are amphiphilic, i.e., detergentlike. Like detergents, they have great affinities for binding to lipid bilayers. Yet there is a so far unspecified characteristic difference between antimicrobial peptides and detergents, as the latter are not known to induce stable transmembrane pores.
In pure lipid bilayers pores are always produced under tension. The energy of a pore is given by E 0 R 2R ÿ R 2 [4, 5] , where R is the radius of the circular pore, the membrane tension, and the line tension, or the free energy cost per unit length for creating the edge of the pore [2] . In most experiments, the process of pore opening was found to be stochastic and often a result of nucleation defects [3, 9] . However, once a pore opens, its behavior is governed by and . For a radius greater than R =, the pore expands indefinitely until the vesicle lyses. For a radius smaller than R =, the pore closes. This general behavior of pores in pure lipid bilayers implies that antimicrobial peptides render two effects on membranes. The peptides must somehow create a stress equivalent to a membrane tension that induces pore formation and somehow stabilize the pores once produced. Here we propose the mechanisms for these two effects based on a long series of experiments published elsewhere.
By the virtue of amphiphilicity, a peptide is bound to a lipid bilayer at the interface between the hydrophilic headgroups and the hydrophobic chains. Normally, in a pure lipid bilayer, the hydrocarbon chains are closely packed on one side of the interface forming a hydrophobic barrier for the membrane, and the other side is packed with hydrated headgroups. A bound peptide inserts an additional area into the headgroup side of the interface (e.g., a 26 amino-acid peptide, melittin, adds 3 nm 2 ) [10] , and thus causes a local deformation in the monolayer. Using the free energy of deformation (per unit area) E h K a =2h=h 2 K c =8r 2 h 2 [11] , where h is the hydrocarbon thickness, and K a and K c are, respectively, the stretch [12] and bending [13] moduli, we can estimate the range of deformation to be 16h
2 K c =K a 1=4 [14] (see Fig. 1 ). If the peptide area density is greater than ÿ2 1=16-1=4 nm ÿ2 (depending on the values of the elastic constants), the local deformations by individual peptides overlap, and since the peptides do not penetrate the hydrocarbon region this region becomes thinner more or less uniformly due to the collective stretching by the peptides embedded in the headgroup region [10, 14] . In experiments, it was found that the bound peptides rapidly translocated from one monolayer to another via transient pore formation by fluctuations [15] . Thus one can assume that peptides are distributed on both sides of the bilayer. The membrane stretching and thinning caused by bound peptides have been measured in many peptide-lipid systems (see below).
Let the molar ratio of the bound peptide to lipid be P=L. The fractional change of the membrane area is A=A L A P =A L P=L, where A P is the area increment caused by one bound peptide and A L the area per lipid. On the other hand, A=A L ÿh=h and the latter is directly measurable by x-ray diffraction [16] . Figure 2 shows four examples of membrane thinning caused by peptide binding. Lipid vesicles with bound peptides were collapsed into parallel multilamella, from which the bilayer thickness, defined as the phosphate-to-phosphate distance, was measured by x-ray diffraction [10, 16] . In each case, the membrane thickness decreases linearly with P=L initially and then reaches a plateau when P=L exceeds a critical value P=L . Two independent methods showed that transmembrane pores are formed in the membranes when P=L > P=L . First, oriented circular dichroism detected a change of peptide orientation and the change was proportional to P=L ÿ P=L =P=L [10, 17] . Second, neutron in-plane scattering (with D 2 O hydration) detected transmembrane pores in the membranes only if P=L > P=L [18] [19] [20] . This description of peptide-membrane interactions is entirely consistent with the response of lipid vesicles exposed to melittin, one of the peptides reported in Fig. 2 [21] . Upon exposure to a low concentration of melittin, the lipid vesicle exhibited an area expansion (at constant volume) while no permeation through the membrane occurred. Fluorescencelabeled peptides were observed to bind to the vesicle concomitantly with the area expansion. At a high concentration of melittin, the membrane area first expanded rapidly at constant volume, then permeation occurred with a volume expansion, and finally the swelled vesicle lysed [21] . It is clear that peptide binding at low concentration caused an expansion of the membrane area without breaking the hydrophobic layer. When exposed to a high concentration of peptides, the membrane area also expanded without breaking the hydrophobic barrier until a high density of bound peptides caused permeation that was consistent with forming transmembrane pores.
The simplest explanation for the plateau of the membrane thinning is as follows: Assume that the peptides participating in the pore formation (P I ) do not contribute to the membrane thinning. Then, in the region P=L > P=L , the membrane area increase associated with thinning is A=A L A P =A L P ÿ P I =L. This area expansion creates a stress equivalent to a membrane tension. We shall call this an internal membrane tension because it does not exert a force at the membrane boundary. However, its value should be similar to the external tension required to stretch the membrane area by the [18] . Some peptides make barrelstave pores [20] . The mechanism should be the same for both types of pores.) same fraction of A=A. As a result, the internal energy is increased by K a A 2 =2A. Thus the free energy of the peptide-lipid system (per lipid) can be written as F PL " s P ÿ P I =L " I P I =L K a A 2 =2A L . " s and " I are, respectively, the binding energy per peptide in the planar bilayer region and the pore energy per peptide. Minimization of F PL with respect to P I leads to a constant P ÿ P I for P=L > P=L , hence the plateau for the membrane thickness. [It also leads to a linear relation between P I and 1=P=L that was confirmed by the measurement of P I by oriented circular dichroism [10, 17] .]
The peptide-induced internal membrane tension is K a A P =A L P=L before P=L exceeds P=L . Using the experimental value of K a [12] , we found the internal membrane tension at P=L (Fig. 2) in the range of 5-15 mN=m. These values are coincident with the membrane tensions for lysis of pure lipid vesicles measured by micropipette aspiration [22] . Membrane lysis most likely starts with a porelike structure. Thus the coincidence of these two tension values supports the idea that peptides induce pores by creating an internal membrane tension. In agreement with this interpretation is the observation that the lipid vesicle with bound peptides requires a smaller external tension to reach the point of lysis [21] . It is as if the tension for lysis is the same for pure lipid vesicles and for vesicles with bound peptides, only that for the latter the tension for lysis is the sum of the peptide-induced internal tension and the external tension. This is similar to the case of electroporation where the rupture tension is the sum of the electric-filed induced tension and the external tension [23] .
Once the peptide density exceeds P=L , the peptideinduced tension becomes K a A P =A L P ÿ P I =L. This will explain why the peptide-induced pores are stable, as, for example, observable by neutron diffraction. P I is the total number of peptides adsorbed at the rims of the pores, P I N p ÿ ' 2R, where N p is the total number of pores and ÿ ' the line density of the peptide at the rims. Then the energy of a pore is given by
where 0 K a A P =A L P=L. One may regard Eq. (1) as a Landau free energy with the order parameter R and with the effect of decreasing temperature replaced by the effect of increasing P=L. Besides R 0 (no pores), there is now a second energy-minimum solution at radius R 0 c 2 =3c 3 c 2 =3c 3 2 ÿ c 1 =3c 3 p due to the R 3 term (the coefficients of E R have been abbreviated as c 1 , ÿc 2 , and c 3 ). If the model were correct, the numbers should make sense. In a typical example, the antimicrobial peptide magainin in the 3:1 mixture of dimyristoyl phosphatidylcholine and dimyristoyl phosphatidylglycerol was studied by neutron diffraction [18] . At P=L 1=20, N p =L was found to be 1=260. Independently, and ÿ ' were measured for detergent Tween 20 in the pores of stretched vesicles [2] . In general, decreases with the detergent concentration and then reaches a plateau. In the plateau region where is constant, ÿ ' 2 nm ÿ1 . Taking into account the difference in molecular weight (1228 for Tween 20 and 2465 for magainin), we have ÿ ' 1 nm ÿ1 for magainin. Thus c 2 =c 3 3P=L= b4N p =Lÿ ' c 3:1 nm. As mentioned above, 0 10 mN=m. Without detergents or peptides, the line tension was measured to be 10 pN [3] . This would give c 1 =c 2 2= 0 2 nm, or c 1 =c 3 6:2 nm 2 . At this value of , there is no real solution for R 0 ; in other words, pores would close. However, like detergents, peptides preferentially bind to the rim of the pore [3] . As shown by Puech et al. [2] , detergents reduce the line tension by a factor of 3 or more to a plateau value. This reduction of would make c 1 =c 3 small enough to allow for a real solution of R 0 . Thus the solution for R 0 is in the range of 1-2 times c 2 =3c 3 , or 1-2 nm. This is exactly the range of radius in which the peptide-induced pores have been found by neutron diffraction [18] [19] [20] or by leakage experiments [24] . In comparison, the transient pores in stretched vesicles are typically in the range of 1-10 m.
Reducing the line tension by increasing P=L has another effect. 
